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Specification 

Voltage-Controlled Semiconductor Device 

5 TECHNICAL FIELD 

[0001] The present invention relates to a power 
semiconductor for controlling large current, and more 
particularly relates to a voltage-controlled semiconductor 
device such as insulated-gate bipolar transistors having 
10 high breakdown voltage. 

BACKGROUND ART 

[0002] As semiconductor devices for controlling large 
current, though power semiconductor devices using Si 

15 (silicon) as a semiconductor material have conventionally 
been used, the improvement of their performance is difficult 
since Si has a limit in electrical and physical 
characteristics. Accordingly, development of power 

semiconductor devices with use of wide gap semiconductor 

20 materials having good electrical and physical 
characteristics compared to Si are currently proceeding. 
The wide gap semiconductor materials are typified by SiC 
(silicon carbide) having an energy gap of 2.2 eV to 3.2 eV. 
An insulated-gate bipolar transistor (IGBT) that is a 

2 5 voltage-controlled semiconductor device with use of the SiC 
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is disclosed in, for example. Material Science Forum Vols. 
338-342 (2000), pp . 1427-1430 . This SiC-IGBT is shown in 
Fig. 7. 

[0003] in Fig. 7, a p-type SiC buffer layer 102, a p- 
type Sic base layer 103, an n-type SiC base layer 104, and 
a p+ type SiC emitter layer 105 are sequentially formed by 
epitaxial growth method on an n+ type SiC substrate 101 
having an emitter electrode 113 formed on the lower surface 
and connected to an emitter terminal 113a. A trench 109 
reaching the base layer 103 is formed in the central 
portion of the SiC-IGBT, and a gate electrode 111 connected 
to a gate terminal 111a is provided in the trench 109 via a 
gate insulating film 106. On both the sides of the SiC- 
IGBT, a collector electrode 115 which is in contact with 
the base layer 104 and the emitter layer 105 are provided, 
and the collector electrode 115 is connected to a collector 
terminal 115a. 

[0004] Upon application of a voltage to between the gate 
electrode 111 and the collector electrode 115 so as to make 
the potential of the gate electrode 111 negative, electric 
fields are given to the gate insulating film 106 placed in 
between a portion of the base layer 104 forming a lateral 
wall of the trench 109 and the gate electrode 111. As a 
result, in the vicinity of a contact surface of the n-type 
base layer 104 in contact with the gate insulating film 
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an n-type conductivity is inverted to a P type. Since 
a Channel for current flow is formed in a portion of the 
base layer 104 which is an inversion layer inverted to the 
P type, the channel is referred to as -inversion-type" 
Channel. Through the channel, current flows between the 
collector electrode 115 and the emitter electrode 113. 
100051 in the case of the SiC-lGBT, there is a problem 
that the inversion layer has low channel mobility. This is 
considered to be because a surface state i. present in the 
interface between Sio. used as the gate insulating film and 
Sic so that the holes flowing through the inversion layer 
at on time are captured by the surface state. Further, it 
i. also considered that roughness of the interface causes 
the holes as carriers to stop contributing to the 
conductivity, which causes the low mobility of the holes in 
the channel. Because of these reasons, channel resistance 
and on-voltage tend to increase. 
(Patent Document 1) JP HlO-256529 A 

(Patent Document 2) JP HlO-27899 A 

(Non-patent Document 1) Trans Tech Publication 

(Switzerland, Material Science .orumVols. 338-342 (2000,, 
PP1427 to 1430 
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.100061 in a SiC-lGBT in the conventional exa-nple shown In 
7, due to the influence from the surface state In the 
interface between the ,ate Insulatln. fll. 106 and the hase 
layer 104, an inversion-type channel has high channel 
resistance. Accordingly, there is a proble. in that the 
lOBT has high on-resistance at on time and thereby has high 
on-voltage. It is a prl:^ry object of the present invention 
to provide a voltage-controlled semiconductor device having 
low on-voltage. 

MESNS FOR SOLVING THE PROBLEMS 

[0007, in order to achieve the above object, there is 
provided a voltage-controlled semiconductor device, 
comprising: 

a first semiconductor layer made of a first 
conductivity-type wide gap semiconductor having . a first 
electrode on one surface, the first electrode becoming 
o„e Of a current inflow terminal and a current 
outflow terminal for a controlled current; 

a second semiconductor layer made of a wide gap 
semiconductor which is formed on the other surface of the 
nrst semiconductor layer and which has a second 
conductivity-type different from the first conductivity 
type; 
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an embedded semiconductor region made of a wide 
,ap semiconductor which is partially provided in a vicinity 
of an opposite surface of the second semiconductor layer to 
a surface being in contact with the first semiconductor 
5 layer and which has a conductivity type different from that 
of the second semiconductor layer; 

a channel layer made of a wide gap semiconductor 
Which is provided so as to be in contact with the second 
semiconductor layer and the en^edded semiconductor region 
10 and Which has a conductivity type identical to that of the 
second semiconductor layer; 

a semiconductor region made of a wide gap 
semiconductor which is provided in the channel layer so as 
to be overlapped with the embedded semiconductor region and 
15 Which has a conductivity type identical to that of the 
Channel layer and a dopant concentration larger than that of 

the channel layer; 

a second electrode electrically connected to the 
e:^edded semiconductor region and to the semiconductor 
20 region, the second electrode becoming a current outflow end 
When the first semiconductor layer becomes a current inflow 
end While the second electrode becoming a current inflow end 
when the first semiconductor layer becomes a current outflow 
end; and 



a control electrode facing the channel layer and 
the semiconductor region via an insulating film. 
100081 According to the present invention, in the 
voltage-controlled semiconductor device using a wide gap 
semiconductor, an embedded semiconductor region is provided 
in the vicinity of the surface of the second semiconductor 
layer which is in contact with the channel layer, the 
channel layer facing the control electrode via the 
insulating film. Consequently, without application of a 
voltage to between the control electrode and the second 
electrode at off time, current can be blocked by a built-in 
voltage of the Sic semiconductor. That is, the normally-off 
characteristic, i.e., capability of maintaining the off- 
state, can be implemented. At on time, holes are flowed 
from the channel layer Into the second semiconductor layer 
so that a base current is fed to an npn transistor composed 
of the embedded semiconductor region, the second 
semiconductor layer and the first semiconductor layer, while 
a main current is flowed from the semiconductor region into 
the first semiconductor layer. Moreover, by widening an 
interval between adjacent embedded semiconductor regions, 
conductivity modulation occurs in the base layer or the 
channel layer so that the resistance in the second 
semiconductor layer can be reduced considerably. This can 
lead to considerable reduction of the on-voltage. 
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10009, There is also provided a voltage-controlled 

semiconductor device, comprising: 

a first semiconductor layer made of a first 
conductivity-type wide gap semiconductor having a first 
electrode on one surface, the first electrode becoming 
,,,,3, one of a current Inflow terminal and a current 
outflow terminal for a controlled current; 

a second semiconductor layer made of a wide gap 
semiconductor which is formed on the other surface of the 
nrst semiconductor layer and which has a second 
conductivity-type different from the first conductivity 
type; 

at least two embedded semiconductor regions made 
of a Wide gap semiconductor which is partially provided in a 
vicinity of an opposite surface of the second semiconductor 
,,,,, ,o a surface being in contact with the first 
semiconductor layer and which has a conductivity type 
different from that of the second semiconductor layer; 

a channel layer made of a wide gap semiconductor 
„hich is provided so as to be in contact with the second 
semiconductor layer and the embedded semiconductor regions 
and Which has a conductivity type identical to that of the 
second semiconductor layer; 

a semiconductor region made of a wide gap 
semiconductor which is provided in the channel layer so as 



to be overlapped with the enO^edded sendccnductor regions and 
Which has a conductivity type identical to that of the 
channel layer and a dopant concentration larger than that of 

the channel layer; 

a second electrode electrically connected to the 
embedded semiconductor regions and to the semiconductor 
region, the second electrode becoming a current outflow end 
when the first semiconductor layer becomes a current inflow 
end while the second electrode becoming a current inflow end 
When the first semiconductor layer becomes a current outflow 
end; and 

a control electrode facing the second 
semiconductor layer, the channel layer and the semiconductor 
region via an insulating film. 

lOOlOl According to the present invention, in the 
voltage-controlled semiconductor device using a wide gap 
semiconductor, at least another first conductivity-type 
electric field relaxation layer is provided onto the second 
conductivity-type second semiconductor layer placed between 
the first conductivity-type embedded semiconductor regions. 
This allows considerable reduction of maximum electric 
fields applied to the insulating film at off time. 
Moreover, on the second conductivity-type second 
semiconductor layer placed between the first conductivity- 
type ei^edded semiconductor regions, a control electrode 
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facing the second semiconductor layer via the insulating 
film is provided. This makes it possible to increase inflow 
of holes to the second semiconductor layer. The inflow of 
the holes to the second semiconductor layer leads to the 
increase of current passing through the second semiconductor 
layer, which allows further reduction of the on- voltage. 

EFFECTS OF THE INVENTION 

[0011] The voltage-controlled semiconductor device of the 
present invention has a channel layer which faces a gate 
electrode via a gate insulating film and a base layer in 
contact with the channel layer, the base layer being 
partially provided with a plurality of embedded collector 
regions. At on time, holes are accumulated in the channel 
layer in the vicinity of the gate insulating film, resulting 
in formation of a low- resistant channel, through which a 
large base current is fed to a transistor composed of the 
embedded collector region, the base layer and the emitter 
layer. This causes conductivity modulation inside the base 
layer. As a result, a voltage-controlled semiconductor 
device having low on-resistance, i.e., low on-voltage, can 
be provided. 



BRIEF DESCRIPTION OF THE DRAWINGS 



[00121 FIG. 1 is a cross sectional view showing an 
insulated-gate bipolar transistor in a first en*>odiment of 
the present invention; 

[0013] FIG. 2 is a cross sectional view showing an 
insulated-gate bipolar transistor in a second eirODodiment of 
the present invention; 

[0014] FIG. 3 is a cross sectional view showing an 
insulated-gate bipolar transistor in a third embodiment of 

the present invention; 

[0015] FIG. 4 is a cross sectional view showing an 
insulated-gate bipolar transistor in a fourth embodiment of 
. the present invention; 
[0016] FIG. 5 is a cross sectional view showing an 
insulated-gate bipolar transistor of another example in a 
fourth embodiment of the present invention; 

[0017] FIG. 6 is a cross sectional view showing a high- 
conductivity region formed in a channel layer in the first 
to fourth embodiments of the present invention; and 
[0018] FIG. 7 is a cross sectional view showing a 
conventional insulated-gate bipolar transistor. 



REFERENCE NUMERAL 
1:. emitter layer 
2: buffer layer 
3: base layer 



-11- 



10 



4, 4a: channel layer 

5: eitibedded collector region 

6: collector region 

7: emitter electrode 

8: collector electrode 

9: gate electrode 

10, 10a, 10b: gate insulating film 
15: trench 

55, 56: electric field relaxation region 



DETAILED DESCRIPTION OF THE INVENTION 

[0019] Preferred embodiments of a voltage-controlled 
semiconductor device in the present invention will now be 
described with reference to Fig. 1 through Fig. 6. 
15 [0020] (First Embodiment) 

A voltage-controlled semiconductor device in a 
. first embodiment of the present invention will hereinbelow 
be described with reference to Fig. 1. Fig. 1 is a cross 
sectional view showing a segment of the voltage-controlled 
semiconductor device in the first embodiment, i.e., a SiC 
insulated-gate bipolar transistor (SiC-IGBT) with use of a 
Sic semiconductor and with a breakdown voltage of 10 kV. 
Although the segment of the present invention has a band 
shape elongated in the direction perpendicular to the page, 
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the segment may take other shapes such as circles and 
squares . 

[0021] in Fig. 1, a buffer layer 2 made of a p-type SiC 
semiconductor , with a thickness of approx. 3 pm and a dopant 
concentration of approx. 1x10- cm^ is formed on an emitter 
layer 1 (first semiconductor layer) as a substrate made of 
an n-type 4H-SiC semiconductor with a thickness of approx. 
300 pm and with a high dopant concentration, the emitter 
layer 1 having an emitter electrode 7 (first electrode) made 
of gold, copper or the like on the lower surface thereof. 
The emitter electrode 7 is connected to an emitter terminal 
7a. Formed on the buffer layer 2 is a base layer 3 (second 
semiconductor layer) made of a p-type SiC semiconductor with 
a thickness of approx. 100 and a dopant concentration of 
1x10^^ cm-^ to 5x10^= cm-\ Formed on both upper end portions 
of the base layer 3 is an embedded collector region 5 
(embedded semiconductor region) made of n+type SiC 
semiconductor with a dopant concentration of lxlO^« cm^ to 
IxlO^^ cm-^ achieved by ion implantation and the like. 
Formed on the embedded collector region 5 and the base 
layer 3 is a channel layer 4 made of a p-type SiC 
semiconductor with a dopant concentration of 1x10^^ cm^ to 
3x10^^ cm-^. The thickness of the channel layer 4 is approx. 
0.2 m to 2 vtm. The thickness, which is determined by 
depending on the ..dopant concentration of the channel layer 
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4, may be smaller or larger than the above value in some 



cases -. 



[00221 in this embodiment, the dopant concentration of 
the channel layer 4 is larger than the dopant concentration 
of the base layer 3. However, the dopant concentration of 
the channel layer 4 may be smaller than the dopant 
concentration of the base layer 3. The dopant 

concentration of the channel layer 4 may also be equal to 
the dopant concentration of the base layer 3, and in such a 
case, by forming the embedded collector region 5 inside the 
base layer 3 by ion implantation, the base layer 3 and the 
channel layer 4 can be formed in the same step. Formed on 
upper end portions of the channel layer 4 is a collector 
region 6 (semiconductor region) made of a p+type SiC 
semiconductor with a dopant concentration of approx. l^io" 
cm-. The collector region 6 is shorter in the transverse 
direction than the embedded collector region 5. A gate 
insulating film 10 (insulating film) is formed on both the 
collector regions 6 and the channel layer 4, and a gate 
electrode 9 (control electrode) connected to a gate 
terminal 9a is provided on the gate insulating film 10. A 
collector electrode 8 (second electrode) connected to a 
collector terminal 8a is provided so as to be in contact 
with a lateral surface of the collector region 6 and with 
an upper surface of the embedded collector region 5. The 
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collector electrode 8 and the gate electrode 9 are formed, 
from metal films made of gold, copper or the like. 
[00231 in the SiC-IGBT in the present embodiment, when a 
voltage is applied to between the emitter electrode 7 and 
the collector electrode 8 so that the potential of the 
collector electrode 8 is high and then the potential of the 
gate electrode 9 is set to be lower than the potential of 
the collector electrode 8, the SiC-IGBT is turned on and a 
main current flows to between the collector electrode 8 and 
the emitter electrode 7 . 

[00241 in order to turn off the SiC-IGBT in the on 
state, the voltage between the gate electrode 9 and the 
collector electrode 8 is set at 0, or the potential of the 
gate electrode 9 is set to be positive with respect to the 
collector electrode 8 in the state that the potential of 
the collector electrode 8 is higher than the potential of 
the emitter electrode 7. As a result, with a built-in 
voltage of the SiC semiconductor, a depletion layer spreads 
m the channel layer 4 from a junction between the embedded 
collector region 5 and the channel layer 4, which brings 
the channel layer 4 in a pinch-off state. Consequently, 
the current flowing from the collector region 6 to the 
emitter layer 1 is blocked, as a result of which the SiC- 
IGBT is put in an off state, i.e., a normally-off state. 
By applying a voltage to between the gate electrode 9 and 
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the collector electrode 8 with the gate electrode 9 being 
positive, a leak current between the collector electrode 8 
and the emitter electrode 7 can be reduced. 

[0025] When a voltage is applied to between the gate 
electrode 9 and the collector electrode 8 with the gate 
electrode 9 being negative at the turn-on of the SiC-IGBT, 
holes are accumulated in an upper layer portion of the 
channel layer 4 close to the gate insulating film 10, 
resulting in formation of a low-resistant channel. A 
current by the holes flows from the collector region 6 
through the channel and travels in between both the 
embedded collector regions 5 to the emitter layer 1. This 
current is a base current for an npn transistor composed of 
the embedded collector region 5, the base layer 3 and the 
15 emitter layer 1. The main current flows through the 
collector electrode 8, the embedded collector region 5, the 
base layer 3, the emitter layer 1 and the emitter electrode 
7. Electrons flow from the emitter layer 1 to the embedded 
collector region 5 through the buffer layer 2 and the base 
layer 3. The holes go into the base layer 3 from the 
collector region 6 through the channel and travels from the 
base layer 3 to the emitter layer 1. Electrons 
corresponding to the base current go into the base layer 3 
from the emitter layer 1 and reach the embedded collector 
region 5. By widening an interval between the adjacent 
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embedded collector regions 5, conductivity modulation is 
induced in the base layer 3 by the holes and the electrons 
coming into the base layer 3 from the embedded collector 
region 5, by which the resistance of the base layer 3 is 
considerably reduced. 

[0026] in the structure of the present embodiment, an 
>^accumulation-type" operation is performed in which holes 
are accumulated in the channel layer 4. In the 

accumulation-type operation, channel resistance is smaller 
than that in the "inversion-type" operation described in 
the BACKGROUND ART. In the conventional IGBT in Fig. 5, the 
main current flows through an inversion-type channel on the 
lateral wall of the gate insulating film, and this causes 
large voltage drop in the channel portion. However, in the 
SiC-IGBT in the present embodiment, the main current does 
not flow through the channel layer 4 but only a gate current 
flows therethrough, so that the voltage drop in the channel 
layer 4 can be kept small. Moreover, since the embedded 
collector region 5 has high dopant concentration and small 
resistance, the voltage drop in this region is small. While 
the dopant concentration of the channel layer 4 may be equal 
to that of the base layer 3, setting the dopant 
concentration of the channel layer 4 higher than the dopant 
concentration of' the base layer 3 puts the inside of the 
base layer 3 and the channel layer 4 in a low-resistant 
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state at on time. Since the base current flows through 
these regions, the voltage, drop during passage of the base 
current can be decreased. As a result, the base current is 
increased, and thereby an output current can be increased. 
That is, it becomes possible to decrease the on-voltage. 
Moreover, since the voltage drop is small, there is little 
possibility for occurrence of latch-up phenomenon in which 
control by the gate electrode 9 is failed in a thyristor 
structure internally formed in the SiC-IGBT by the channel 
layer 4, the embedded collector region 5, the base layer 3, 
the buffer layer 2 and the emitter layer 1. 

[0027] When a main current with a current density of 100 
A/cm^ was applied to between the collector electrode 8 and 
the emitter electrode 7 in the SiC-IGBT in the present 
embodiment, the on-voltage was 3.5 V, which was considerably 
lower than 9.5 V, the on-voltage of the conventional SiC- 
IGBT. Although in the present invention, an interval 
between the adjacent embedded collector regions 5 was 3 pm 
or more, increasing the interval to 10 pm decreased the 
resistance between the eitODedded collector regions 5. 
consequently, the base current flowing from the collector 
region 6 through the channel layer 4 became larger, and this 
increased the main current. As a result, the on-voltage was 
further decreased to 3.2 V. 
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[00281 Although the embedded collector region 5 is formed 
by ion implantation in the present embodiment, an embedded 
collector region similar to the embedded collector region 5 
in the present embodiment can be formed by the steps of 
5 forming an n+ region through epitaxial method and etching 
away the region except a necessary portion. In this case, 
the channel layer 4 on the embedded collector region 5 has 
sufficient crystallinity and high channel mobility compared 
to the channel layer 4 in the case of ion implantation. 
10 [0029] (Second Embodiment) 

Fig. 2 is a cross sectional view showing a segment 
of a voltage-controlled semiconductor device in a second 
embodiment of the present invention, i.e., an insulated-gate 
bipolar transistor (SiC-IGBT) with use of a SiC 
15 semiconductor and with a breakdown voltage of 10 kV. In 
Fig. 2, the SiC-IGBT in the present embodiment is different 
from the first embodiment in the point that at least one 
electric field relaxation region 55 made of an n+ SiC 
semiconductor is provided in the base layer 3 between the 
adjacent embedded collector regions 5. Other structural 
features are similar to those of the first embodiment. The 
dopant concentration of the electric field relaxation region 
55 may be identical to that of the embedded collector region 
5. In that case, the electric field relaxation region 55 
and the embedded collector region 5 can be manufactured in 
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the same step, so that simplification of the steps can be 
achieved. With the electric field, relaxation region 55 
provided between the adjacent embedded collector regions 5, 
a depletion layer spreads in the base layer 3 from a 
junction between the electric field relaxation region 55 
and the base layer 3 at off time of the SiC-IGBT, and 
therefore a collector-emitter voltage can be shared. As a 
result, it becomes possible to relax the electric field 
intensity applied to the gate insulating film 10. 
[0030] While the maximum electric field intensity of the 
gate insulating film 10 at off time was 2.1 MV/cm in the 
SiC-IGBT in the first embodiment, the maximum electric 
field intensity in the SiC-IGBT in the second embodiment 
was 0.7 MV/cm, which was approx. 67 % reduction from the 
first embodiment. In addition to the low on-voltage, which 
is the characteristic of the SiC-IGBT in the first 
embodiment, the SiC-IGBT in the second embodiment has a 
characteristic in which the electric field intensity of the 
gate insulating film 10 is relaxed, so that it becomes 
possible to enhance long-term reliability of the IGBT. 
[0031] (Third Embodiment) 

Fig. 3 is a cross sectional view showing a segment 
of a voltage-controlled semiconductor device in a third 
embodiment of the present invention, i.e., an insulated-gate 
bipolar transistor (SiC-IGBT) with use of a SiC 
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semiconductor and with a breakdown voltage of 10 kV. In 
Fig. 3, the SiC-IGBT in the present embodiment is different 
from the first embodiment shown in Fig. 1 in the point that 
the thickness of a gate insulating film 10a on the portion 
in between the adjacent embedded collector regions 5 is 
larger than that of other portions. Other structural 
features are similar to those of the first embodiment shown 
in Fig. 1. 

[0032] The inventors of the present invention have found 
out that in the SiC-IGBT in the first embodiment, a central 
portion lOg of the gate insulating film 10a facing the base 
layer 3 between the adjacent embedded collector regions 5 
was higher in electric field intensity than other portions 
of the gate insulating film 10a at off time. The reason 
thereof is considered to be as follows. 

[0033] In the voltage-controlled semiconductor device in 
the first embodiment, in order to achieve effective passage 
of a base current from the collector region 6 to the 
embedded collector region 5, an accumulation layer is formed 
in the range from the upper side of the embedded collector 
regions 5 up to as close as to a central region on an 
interval between the adjacent embedded- collector regions 5. 
This decreases voltage drop during the passage of the base 
current. Further, the interval between the adjacent 
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embedded collector regions 5 is widened so that conductivity 
modulation sufficiently occurs in the base layer. 3. 
[0034] ' While a depletion layer spreads from a junction 
between the embedded collector region 5 and the base layer 3 
at off time, the depletion layer does not fully spread in 
the vicinity of the central region between the embedded 
collector regions 5 since the interval therebetween is wide, 
consequently, the collector voltage is not shared by the 
depletion layer, by which the central portion lOg of the 
gate insulating film 10a has a high electric field. More 
specifically, at off time, the depletion layer spreading to 
the base layer 3 and the channel layer 4 from the junction 
between the embedded collector region 5 and the base layer 3 
shares the voltage between the collector region 6 and the 
emitter layer 1. However, the depletion layer does not 
fully spread in the central portions of the base layer 3 and 
the channel layer 4 placed between the adjacent embedded 
collector regions 5, as a result of which high electric 
fields are easily applied to the central portion lOg of the 
gate insulating film lOa. Accordingly, the thickness of the 
central portion lOg of the gate insulating film 10a is made 
larger than that of other portions so as to enhance electric 
field intensity withstand characteristics. This makes it 
possible to reduce the maximum electric field intensity 
applied to the gate insulating film 10a at off time. 
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[0035] In the present embodiment shown in Fig. 3, the 

thickness of the central portion lOg in the gate insulating 
film 10a with a thickness of approx. 0.1 urn is set at 
approx. 0.5 pm. which is about five times larger than that 
of other portions. This makes it possible to reduce approx. 
7 0% of the maximum electric field intensity applied to the 
central portion lOg of the gate insulating film 10a at off 
time. 

[0036] While the thickness of the gate insulating film 
10a influences the channel resistance, the channel 
resistance needs to be small for effective passage of the 
base current from the collector region 6 to the base layer 3 
at on time. Therefore, the gate insulating film 10a should 
preferably be thin so that holes are fully accumulated in 
the upper side of the channel layer 4. In the present 
embodiment, only the central portion lOg of the gate 
insulating film 10a, to which high electric fields are 
easily applied, is given a large thickness while the other 
portions have an unchanged thickness, and this makes it 
possible to obtain the SiC-IGBT with a low on voltage and a 
high breakdown voltage with the structure almost identical 
to that of the SiC-IGBT in the first embodiment. 

[0037] (Fourth Embodiment) 

Fig. 4 is a cross sectional view showing a segment 

of a voltage-controlled semiconductor device in a fourth 



e,^odi,.ent of the present invention, i.e., an insulated-gate 
bipolar transistor (SiC-IGBT) with use of a Sic 
semiconductor and with a breakdown voltage of 10 kv. In 
Fig. 4, the SiC-IGBT in the present embodiment has a trench 
15 provided in the central portion of the SiC-IGBT, the 
trench 15 extending through a channel layer 4a and going 
into the base layer 3. electric field relaxation layer 

56 made of an n^ SiC semiconductor is provided on the bottom 
portion of the trench 15. Though the electric field 
relaxation layer 56 should preferably be narrower than the 
width of the trench 15, it is acceptable that the electric 
field relaxation layer 56 is wider than the width of the 
trench 15. A gate insulating film 10b is provided on the 
lateral wall of the trench 15 , and on the electrid field 
relaxation layer 56. A gate . electrode 9 is provided inside 
the trench 15 via the gate insulating film 10b. The gate 
electrode 9 faces the upper surface of the channel layer 4a 
via the gate insulating film 10b while facing the lateral 
surface of the channel layer 4a inside the trench 15 via the 
gate insulating film 10b. Other structural features are 
identical to those in the first embodiment shown in Fig. 1. 
[00381 m the SiC-IGBT in the present embodiment, an 
accumulation layer formed in the channel layer 4a below the 
gate insulating film 10b at on time is formed in a region 
extending down through the channel layer 4a and reaching the 
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upper side of the lower base layer 3, so that the base 
current can be increased and the on-voltage can be further 
decreased compared to the on-voltage in the first to third 
e:,i>odiments. Moreover, since a part of the gate insulating 
film 10b is formed on the electric field relaxation layer 
56, the maximum electric field intensity of the gate 
insulating film 10b can considerably be reduced. In the 
SiC-IGBT m the present embodiment, the on-voltage during 
current application of lOOA/cm^ was 3.3 V while the maximum 
electric field intensity of the gate insulating film 10b at 
off time was approx. 0.1 MV/cm^ which were considerable 
reduction from the values' in each of the aforementioned 
embodiments . 

[0039! A SiC-IGBT in another example of the present 
embodiment shown in Fig. 5 does not have the electric field 
relaxation layer 56 in the SiC-IGBT shown in Fig. 4 for the 
purpose of simplifying the structure. Except the maximum 
electric field intensity being slightly lower than that of 
the SiC-IGBT shown in Fig. 4 due to the absence of the 
electric field relaxation layer 56, the SiC-IGBT in the 
present example operates in a manner similar to the SiC-IGBT 
shown in Fig. 4. The SIC-IGBT in the present example also 
shares the characteristic with the present embodiment, that 
is, the capability of increasing the base current and 
decreasing the on-voltage. 



[0040] In each of the disclosed embodiments, the present 
invention is also applicable to the voltage-controlled 
semiconductor device with a structure in which n-type layers 
and regions are respectively replaced with p-type layers and 
regions while p-type layers and regions are respectively 
replaced with n-type layers and regions. 

[0041] In the voltage-controlled semiconductor device in 
the first to fourth embodiments, forming the channel layer 4 
as an accumulation-type layer allows the channel resistance 
to become smaller than that in the case of the inversion 
type layer. Further, as shown in Fig. 6, an effect of 
further reducing the resistance of the channel layer 4 can 
be implemented by forming a p-type high-conductivity region 
4b with a high dopant concentration, on the surface or inside 
the channel layer 4. The high- conductivity region 4b is 
formed in a depth of about 0.05 pm to 0.5 yra from the 
interface between the channel layer 4 and the gate 
insulating film 10 by epitaxial growth or by implantation of 
p-type ions such as aluminvun ions into the channel layer 4. 
The depth and the thickness of the high-conductivity region 
4b from the surface of the channel layer 4 are determined by 
depending on the dopant concentration, and therefore the 
thickness is decreased when the dopant concentration is high 
and the thickness is increased when the dopant concentration 
is low so that the channel resistance in the normally-off 
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state can be reduced. One example of the dopant 

concentration and the thickness of the high-conductivity 
region 4b is about 3x10^^ cm"^ and 0.1 urn, respectively, when 
the thickness of the channel layer 4 is about 0.3 ]im. 
5 While Fig. 6 shows the high-conductivity region 4b added to 
the structure of Fig. 1, the similar effect can be achieved 
by adding the similar high-conductivity region to the 
channel layer in the voltage-controlled semiconductor 
devices in Fig. 2 to Fig. 5. 

10 [0042] Moreover, although description has been given in 
the case of the device with use of SiC as a wide gap 
semiconductor in each of the embodiments, the present 
invention is effectively applicable to devices with use of 
other wide gap semiconductor materials such as diamond and 

15 gallium nitride. 

INDUSTRIAL APPLICABILITY 

[0043] The present invention is applicable to insulated- 
gate bipolar transistor having low on-voltage and high 
20 breakdown voltage. 



